A study of a tungsten (W) thin film deposited on a single crystalline 6H-SiC substrate and annealed in Ar at temperatures of 700 C, 800 C, 900 C and 1000 C for 1 hour was conducted. The subsequent solid state reactions, phase composition and surface morphology were investigated by Rutherford backscattering spectrometry (RBS), grazing incidence X-ray diffraction (GIXRD) and scanning electron microscopy (SEM)
Introduction
Tungsten (W) is a high melting point metal 1 that is oen used in coating or alloyed with other metals to increase their strength. W coatings/alloys are frequently used in many applications because they tend to be strong and exible, resist wear (wear-resistant parts), resist corrosion, conduct electricity well, etc.
2 Due to its stability at high temperatures and heat resistance properties, W is also used in a number of high temperature applications.
3 Some other applications include arch-welding electrodes and heating elements in high-temperature furnaces. 3 Silicon carbide is one of the materials used in a vast number of applications such as a wide band-gap semiconductor, 4, 5 nuclear material, [6] [7] [8] reinforced composite, 9 etc. This is because of its exceptional properties like high corrosion resistance, high thermal stability, high thermal conductivity, high breakdown electric eld strength, etc. SiC is used in high power electronic devices which have the ability to operate at temperatures as high as 600 C. 10 The stability of contacts made between SiC and metals determine the reliability and device performance. One of the metals used for contacts is W due to its properties like low contact resistivity and high thermal stability for ultra-highlarge-scale integrations (ULSI) and very-large-scale integrations (VLSI).
11, 12 The fabrication of W-SiC ohmic contacts plays a major role in semiconductor applications.
In high temperature gas cooled reactors (HTGR), SiC is used as the main barrier of ssion product (FPs) escape. It is used in the tri-structural isotropic (TRISO) fuel particle to encapsulate the UO 2 and ThO 2 fuel kernels. 13, 14 SiC is effective in preventing the escape of the FPs with the exception of silver (Ag) and degradation of the SiC by palladium (Pd) and zirconium (Zr). [14] [15] [16] [17] [18] An additional protective layer of tungsten is proposed to cover the SiC and probably reduce the interaction of FPs with SiC. 6, 19, 20 Rogowski and Kubiak 7 investigated the dependence of electrical properties of W contacts on SiC, the structure and chemical composition of the contacts at the interface during annealing. The resulting initial phases aer annealing in Ar ambient were W 5 Si 3 and WSi 2 . A smooth surface layer with a well-dened continuous W layer was observed on the asdeposited samples, a rough surface (non-uniform) with the formation of pores was reported aer annealing. The interaction of W-SiC leading to the formation of silicides and carbides at the interface was also observed by other researchers.
9,21-23
We have done a detailed study of pure W-SiC annealed in an inert gas, namely, Ar, to understand W-SiC contact behaviour and interface structural changes due to heat treatment. As outlined above, this study is important for both electronic applications (stability W-SiC contacts) and HTGRs application (applied as a diffusion barrier for SiC). Annealing in Ar ambient is mainly used in semiconductor applications for studying electrical properties of W-SiC contacts aer thermal annealing. 4 Studies on W-SiC contacts do not take into account the effect of argon annealing on the microstructure of the material and the phases that forms. The reason for the present study is to observe how the material behaves (i.e. the initial reaction, phases formed and effect on the surface microstructure) when annealed in an Ar atmosphere.
Experimental procedure
Semi-insulating 6H-SiC single-crystal wafers, of 2 inch diameter, 330 mm thickness, with a micro pipe density < 10 cm À2 and root mean square (RMS) surface roughness of <0.5 nm were used as starting material. A thin lm of W, of about 65 nm was sputter deposited on the 6H-SiC wafers. The details on how this was done are available in ref. 24 . The samples were subsequently annealed in argon (Ar) of 99.9% purity atmospheres at 700 C, 800 C, 900 C and 1000 C for 1 hour. The ow rate of Ar in the quartz tube was maintained at 350 SCCM. This temperature range was chosen because the reaction between W-SiC is expected to occur around 700 C, 4 this allows us to be able to study the effect caused by the reaction and changes in the structure.
The samples were characterised by Rutherford backscattering spectrometry (RBS) before and aer annealing. Simulation of RBS spectra was done using the RUMP code 25 to obtain the thickness and composition of the deposited layer, and the composition of the reaction zone (RZ). The energy used for the He + ions was 1.6 MeV with a scattering angle of 165 . Grazing incidence X-ray diffraction (GIXRD) analysis was performed using a Bruker D8 Discover XRD system with a Cu K a radiation source (1.54184Å) at two-theta step size of 0.04 . This was done to identify the phases formed and orientation before and aer annealing of the samples using the International Centre for Diffraction Data les (ICDD-PDF-2) database. Field emission gun scanning electron microscopy (FEG-SEM) with a Zeiss Ultra 55 high resolution eld emission microscope was used to study the surface morphology of the samples before and aer annealing at the different temperatures.
Results and discussion

Rutherford backscattering spectrometry (RBS)
The W-SiC samples were annealed in argon ambient from 700 C to 1000 C and the resulting RBS results are shown in Fig. 1 . The as-deposited RBS spectrum which was simulated using RUMP is available in ref. 24 ). The oxygen present on the samples might have been attained during deposition in the deposition chamber. The W back edge and Si edge were at indicating that no reactions took place between W-SiC during deposition. The RBS spectrum of the sample annealed at 700 C resulted in a reduction in the W peak height and a signicant shi of W signal back edge towards lower energy channels. On the Si peak the top edge of the Si signal shis to lower energy channels and the bottom edge shis to higher energy channels. These indicated that interdiffusion between W and SiC was taking place. This interdiffused region we call the reaction zone (RZ). According to the RUMP simulations interdiffusion occurred upon annealing at 700 C and the calculated RZ width was around 870 Â 10 15 atoms per cm 2 . The drastic decrease in height and increase in width of the W peak compared to the asdeposited is attributed to the reaction which took place between W and SiC. The oxygen observed on the as-deposited layer was found to be present at the W-SiC RZ aer annealing at 700 C. What is also evident in Fig. 1 is that the oxygen tails towards the bulk aer annealing at 700 C, which indicates that it is diffusing (moving) towards SiC and it takes part in the reactions taking place between W and SiC.
Annealing at 800 C resulted in a further shi of the top of the Si edge to lower energy channel numbers, with a step appearing at the bottom of the Si edge. The step is due to the diffusion of Si towards the W lm and react to form a RZ which increased in width with temperature increase. A small reduction in the W peak height, accompanied by an increase in the width of W peak (W peak tailed to the lower energy channel numbers, further away from the 700 C peak) occurred. This indicated that the reaction between W and SiC was continuing to take place with an increase in the RZ width to about 1060 Â 10 15 atoms per cm 2 . Annealing at 900 C resulted in further shi of the W peak to lower energy channel numbers. The peak height of the W peak also reduced when compared to the 800 C spectrum, while the Si edge and W peak height showed no noticeable change. 
Grazing incident X-ray diffraction (GIXRD)
To conrm the RBS results, GIXRD analysis was consequently done on the samples. The GIXRD patterns of the W thin lm deposited on 6H-SiC substrate before and aer annealing are depicted in Fig. 2 observed on the as-deposited patterns narrowed and increased in intensity upon annealing at 700 C to 1000 C, indicating a change in the structure (i.e. the sample had large crystals from their polycrystalline nature and change in crystal size) of the sample during annealing. Table 1 shows the calculated grain sizes of the phases observed from Scherrer equation. It can be seen that the crystal sizes of the W 5 Si 3 , WC, SiO 2 and WO 3 phases increased with annealing temperature. The increase in crystal sizes indicated phase nucleation, which resulted into larger crystal growing during annealing. All the phases formed aer annealing at 700 C remained present and variations in the quantity of the phases and crystal sizes at each annealing temperature was observed. The broad peaks observed aer annealing can be explained to be due to strain. The W-Si-C system heat of formation for the phases formed is reported in ref. 23 In the study of W-SiC samples annealed in hydrogen ambient, 24 it was observed that phases present were W 5 Si 3 , WC and W, while at 800 C to 1000 C two additional phases appeared, that is, WSi 2 and W 2 C. Aer vacuum annealing, 26 the phases which formed upon annealing at 700 C and 800 C were WO 2 , WC, W and W 3 C, while at 900 C and 1000 C WSi 2 and W 2 C were the additional phases formed. In this study on Ar annealing, phases present aer annealing from 700 C to 1000 C were WO 3 , W 5 Si 3 , SiO 2 , W 2 C and WC.
SEM
For conrmation of the change in surface structure due to annealing in the W-SiC samples, SEM analysis was conducted. In Fig. 3 , the SEM micrographs of W thin lm deposited on 6H-SiC before and aer annealing at 700 C, 800 C, 900 C and 1000 C for 1 hour in Ar ambient are depicted. The as-deposited sample shows a fairly at surface of the W thin lm, with very small grains (almost the same size) that are evenly distributed. This conrms the XRD analysis of the as-deposited results which indicated the formation of nano-sized particles in the asdeposited. Annealing at 700 C and 800 C leads to a major change in the surface morphology of the samples. The sample surface becomes crystalline at 700 C and the crystals are of different sizes and shapes and are also randomly orientated. At 800 C rod-like crystals of different sizes are observed with no preferred orientation. At both the temperatures, some of the crystals are protruding from the surface. The difference in surface morphology indicates that substantial reactions along with atomic migration in the W lm surface took place during annealing at 700 C and 800 C.
Smith and Thompson, 30 investigated the effect of annealing in N 2 and Ar ambient of W 0.62 Si 0.38 on Si. They co-sputtered W and Si on a Si substrate; they observed that annealing in argon results in the formation of large grains while in N 2 a smooth surface. The change in the surface structure of W 0.62 Si 0.38 deposited on Si aer annealing in argon which produced the highly rough surface was ascribed stress assisted growth which results into large columnar grains. In our results aer annealing in argon ambient, a rough surface resulted due to reaction of W and SiC and might also be stress assisted growth.
Annealing at 900 C and 1000 C resulted in the crystals growing larger and stacked on top of each other with pores observed between the crystals. In the substrate surface between the pores small crystallites were observed to have formed. These results are in agreement with the XRD results where the increase in the intensity of most of diffraction peaks denoted that for those phases the average crystal sizes increased during annealing. These phases are most probably the large crystals observed in Fig. 3 . The average crystal sizes of the Ar annealed (from 700 C to 1000 C) W-SiC samples are larger and more randomly orientated when compared to vacuum annealed 26 and hydrogen annealed W-SiC samples. 24 A slow crystal growth in the form of grains was observed during annealing in hydrogen. Annealing in vacuum resulted in the formation of grains which changed with an increase in temperature to form crystals in the form of distinct islands (pores between the at crystals). The formation of large crystals and spaces between crystals on the W-SiC surfaces was also observed on W-SiC samples annealed in vacuum. 26 These cavities are formed during the parasitic growth of crystallites and crystal surfaces at elevated temperatures. Parasitic growth follows Wulf's law 31 and is due to the feeding from crystal surfaces with lower surface energies to surfaces with higher surface energies, resulting in the former growing faster than the latter thereby exposing larger areas of crystal surfaces with lower surface energies. This leads to a minimisation of the Gibbs free energy of the system.
The different surface morphologies between the hydrogen and vacuum annealed surfaces were previously explained to be due to the reducing effect (i.e. removal of oxygen) of the hydrogen. 24 The different morphology of the Ar annealed samples can be explained in terms of a crystal growth model. Some gas atoms present in the annealing system can be physio-sorbed or chemi-sorbed on the crystallite surfaces in the layer and in the reaction zone via cavities/opening in the layer during annealing. During vacuum annealing, reactive gases still present in the vacuum can stick to the surfaces of the crystallites. In fact, WO 3 was detected in those samples aer annealing. 26 Hydrogen is a reacting gas which is commonly physio-sorbed or chemi-sorb on surfaces. According to the step-ow mechanism 32 of crystal growth, impurity atoms on the growth surfaces of crystallites inhibit the growth process of the crystallites. Based on this model, one can expect the hydrogen annealed samples to have smaller crystallites than the vacuum annealed samples -as was observed. 24, 26 Because Ar is a noble gas with no chemi-sorption and little physio-sorption expected on the surfaces, the Ar annealed samples should have the largest crystallites -also observed in this study. This model of impurities sticking on the crystallites surface might also be the reason for the different phases being formed in the different annealing environments.
The presence of oxygen as an oxide might also be inuencing the crystal growth. The growth rate in Ar annealed and vacuum annealed sample is high as compared to the hydrogen annealed samples which have a small quantity of oxygen. The quantity of oxygen in Ar annealed sample does not reduce, while in the vacuum annealed sample it reduces with annealing temperature. The quantity of oxygen present might be inuencing the crystal growth observed.
Annealing in different environment was observed to produce different surface morphologies. The samples annealed in vacuum contained tungsten oxide nanowires, while the formation of small W grains is observed in the hydrogen annealed samples. Large crystals were observed on the surface of the argon annealed samples, clearly indicating the surface morphology dependence on annealing ambient. Annealing at 900 C and 1000 C indicates that the material crystallizes at a fast rate in an Ar ambient with the formation of large crystals with spaces in between them, while the vacuum annealed samples led to the formation of islands with holes in between, and an increase in the W grain size observed on the surface of H 2 annealed samples.
Summary
W thin lms were deposited on 6H-SiC and annealed for 1 hour (each) in the temperature range 700 C to 1000 C in an argon ambient. The solid state interactions together with structural morphology were studied. RBS results of the as-deposited layer indicated the presence of unreacted W on SiC. Interdiffusion of W, O and SiC was observed to be taking place and it increased with increasing annealing temperature. The as-deposited GIXRD patterns showed broad peaks indicating that nano-sized particles were formed aer deposition. The new phases present were WO 3 , W 5 Si 3 and WC. The samples annealed at 700 C resulted in the formation of W 2 C and SiO 2 in addition to the phases observed in the as-deposited sample. Annealing from 800 C to 1000 C showed an increase in the GIXRD peak intensities of the phases formed without the introduction of new phases. SEM micrographs showed a fairly uniform W thin lm, with very small grains that were evenly distributed. An increase in the XRD peak intensity with an increase in temperature was observed, which was due to the growing of larger crystallites in the sample. SEM images also conrmed that upon annealing the surface crystals grew larger with increasing annealing temperatures. SEM images for the temperature range 800-1000 C
showed that the increase in crystal size was accompanied with an increasing number of cavities and with increasing cavity sizes. Annealing in different atmospheres lead to different behaviour of the thin lm W deposited on 6H-SiC. Annealing this system in a H 2 atmosphere resulted in relatively small crystallites. This is explained in terms of the sticking of impurities on the growth surfaces of the crystals using the step-ow model of crystal growth. The fact that large crystals were formed aer annealing in an Ar ambient is similarly ascribed to fewer impurities in the Ar annealed samples as compared to the vacuum and H 2 annealed samples. Island formation on the surfaces (with pores between the crystals) of the Ar and vacuum annealed samples was inuenced by the parasitic growth of crystallites following Wulf's law. The initial reaction temperature (from RBS) between the W layer and the SiC substrate was lower for the Ar and H 2 ambient annealed samples than for the vacuum annealed samples.
